Abstract. We show that in animal mitochondria homologous genes that differ in guanine plus cytosine (G + C) content code for proteins differing in amino acid content in a manner that relates to the G + C content of the codons. DNA sequences were analyzed using square plots, a new method that combines graphical visualization and statistical analysis of compositional differences in both DNA and protein. Square plots divide codons into four groups based on first and second position A + T (adenine plus thymine) and G + C content and indicate differences in amino acid content when comparing sequences that differ in G + C content. When sequences are compared using these plots, the amino acid content is shown to correlate with the nucleotide bias of the genes. This amino acid effect is shown in all protein-coding genes in the mitochondrial genome, including cox I, cox II, and cyt b, mitochondrial genes which are commonly used for phylogenetic studies. Furthermore, nucleotide content differences are shown to affect the content of all amino acids with A + T-and G + C-rich codons. We speculate that phylogenetic analysis of genes so affected may tend erroneously to indicate relatedness (or lack thereof) based only on amino acid content.
Introduction
Whole genomes may differ widely in their average guanine plus cytosine (G + C) content (Lee et al. 1956; Muto and Osawa 1987) . Individual genes from different genomes may also differ in G + C content (Jermiin et al. 1994; Yoshida et al. 1997; Hashimoto et al. 1994 ). These differences can occur at both synonymous (silent) and nonsynonymous (replacement) codon sites (Jukes and Bhushan 1986) . If only synonymous codon sites differ between genes, the corresponding protein sequences will be identical. However, if nonsynonymous codon sites are affected the corresponding protein sequences will be different.
A relationship between the nucleotide composition and amino acid content is known from several genomic sources, including bacterial DNA (Sueoka 1961; Andersson and Sharp 1996) , viral RNA (Berkhout and van Hemert 1994) , animal mitochondrial DNA (Jukes and Bhushan 1986; Jermiin et al. 1994 Jermiin et al. , 1997 , and eukaryotic nuclear DNA (D'Onofrio et al. 1991; Collins and Jukes 1993; Porter 1995; Yoshida et al. 1997) . However, this relationship is not universal (Hashimoto et al. 1994 (Hashimoto et al. , 1995 .
In a phylogenetic context, protein sequences are often considered more useful than DNA sequences because they can be immune to base compositional differences occurring in the latter, and so phylogenetic information would be unaffected in the protein sequence (Loomis and Smith 1990 ; Hasegawa and Hashimoto 1993; Hashimoto et al. 1995) . However, the evidence presented above does suggest that protein sequences are not always immune to compositional differences in the DNA, and this could have an effect on the success of phylogenetic analysis (Steel et al. 1993 (Steel et al. , 1995 .
In order to delineate the relationship between compositional bias at the DNA and protein levels, and in view of its potential phylogenetic implications, we have developed an analytical method which constitutes a unifying approach to the analysis of compositional bias. We introduce the square plot analysis, a joint graphical and statistical approach which can relate the A + T and G + C content at nonsynonymous codon sites with the amino acid content. The statistical significances of the compositional differences are tested. This approach is illustrated by an analysis of mitochondrial protein-coding genes from the chicken (Gallus gallus) and the honeybee (Apis mellifera).
Materials and Methods
Sequences for the chicken and honeybee mitochondrial genomes were obtained from Genbank (accession numbers X52392, L06178, respectively). Additionally we used mitochondrial genomes of Drosophila yakuba, Bos taurus, Homo sapiens, Mus musculus, Xenopus laevis, Cyprinus carpio, and Caenorhabditis elegans (accession numbers X03240, J01394, J01415, J01420, M10217, X61010, and X54252, respectively). Sequences in each genome were pooled by taking the coding regions of protein-coding genes as specified in the Genbank entries, removing start and stop codons where these existed, and then concatenating the sequences together.
We predicted that nucleotide bias would affect nonsynonymous sites of codons such that A + T bias would increase the proportion of A + T-rich codons, and G + C bias would increase the proportion of G + C-rich codons. Here we define A + T-rich codons as those codons which have either A or T in both the first and second codon positions, and G + C-rich codons as those codons which have either G or C in both the first and second codon positions. We use the definition of synonymous and nonsynonymous sites as given in Jukes and Bhushan (1986) . As a tool to test this prediction we wanted to make a graphic representation which would show both the distribution of A + T and G + C content at nonsynonymous sites in a gene, and show the relative amounts of amino acids which are coded for by A + T-and G + C-rich codons. To do this, we simplified a standard (4 × 4 × 4) genetic code table by removing the third codon position (thereby making a 4 × 4 table) and rearranged it so that G and C were grouped together and A and T were grouped together, thereby abstracting a 2 × 2 table. This made four groups of codons/amino acids, arrayed as a 2 × 2 graphic, a ''square plot,'' as shown in Fig. 1 . The frequency of each codon, and therefore of each amino acid, in these groups is indicated by the area of a square in the appropriate quadrant. In animal mitochondrial genetic codes (Osawa et al. 1992 ) leucine is found in two quadrants of the square plot, and so this amino acid and its two synonymous codon families need to be analyzed separately.
Square plots allow comparison of codon content between sequences which differ in A + T and G + C content. We test the statistical significance of these comparisons in two ways. To compare the A + Tand G + C-rich quadrants of two square plots, we use a standard 2 × 2 contingency table and 2 test. To compare contents of individual amino acids between taxa, or to compare grouped amino acids between taxa, we used difference of proportions tests, either assuming a binomial distribution (Fleiss 1981) , or using the bootstrap (Efron 1979; Diaconis and Efron 1983; Efron and Tibshirani 1991) . In the former, it is assumed that the statistical distribution of an amino acid, or an amino acid group, follows the binomial distribution, which for large numbers can be approximated by the normal distribution. In the bootstrap, pseudosequences are generated from both taxa by random sampling with replacement, square plot analyses are made, and the square plot proportions of one are subtracted from another. This is repeated 10,000 times, to make a distribution of differences. The position of zero in this distribution, whether in the main body of the distribution, or in the tail of the distribution, or off the distribution altogether, indicates whether the square plot values differ and the significance of the difference. One-tailed tests are used.
Results and Discussion
Square plots used in this study divide codons into four groups based on the A + T and G + C content at their first and second positions. The number of codons in each group is plotted as area in the four quadrants of two-axis plots (Fig. 1) . Square plots allow visual and statistical comparison of the distribution of A + T-and G + Ccontaining codons and their corresponding amino acids among genes. In animal mitochondria, codons for all but one amino acid are placed in separate quadrants of the square plot-codons for leucine are found in two quadrants (Osawa et al. 1992) . For this reason leucine was analyzed separately in this study. In addition to nucleotides a, c, g, and t, we have r (purines, a or g), y (pyrimidines, c or t), and n (any). C Amino acids in the square plot quadrants as given by the vertebrate mitochondrial genetic code. D Amino acids in the square plot quadrants as given by the arthropod mitochondrial genetic code. Blanks in the quadrants represent stop codons. Note that in C and D, leucine codons are found in both the upper and lower left quadrants, and so need to be analyzed separately.
Amino Acid Bias in Pooled Mitochondrial Genes
The mitochondrial genomes of the chicken and honeybee have been completely sequenced (Desjardins and Morais 1990; Crozier and Crozier 1993) . The chicken genome has a G + C content of 46%, while the honeybee genome is only 15% G + C, and this is reflected in the nucleotide composition of the coding regions of these genomes (Table 1) . While the relatively unbiased chicken mitochondrial genome shows little nucleotide bias at synonymous sites, the A + T bias of the honeybee mitochondrial genome manifests in an extreme A + T bias at synonymous codon sites, in agreement with Jukes and Bhushan (1986) , and Jermiin et al. (1994 Jermiin et al. ( , 1997 .
Nonsynonymous codon sites also differ in nucleotide composition between the chicken and honeybee mitochondrial genomes (Table 1) . To show this effect with more resolution, we made square plots of these genomes. Pooled protein-coding sequences of each genome were analyzed for A + T and G + C content at the first and second positions of the codons. Results are shown in square plots in Fig. 2 .
We can see large differences between corresponding quadrants in the two square plots shown in Fig. 2 . Specifically, the honeybee mitochondrion has a large excess of amino acids that lie in the upper left quadrant and a relative deficiency of amino acids that lie in the lower right quadrant of the square plot. In order to quantitatively compare these differences we tabulate the number of codons in each quadrant in Fig. 2 in Table 2 . We can see that codons in the upper left quadrant, with A or T at both the first and second codon positions, comprise 59% of analyzed codons in the honeybee but only 32% in the chicken: This represents an almost twofold difference in the proportion of this amino acid group between these two species and is highly significant (see footnote in Table 2 for statistical analyses). The large difference between the G + C contents at synonymous sites compared to the difference between the G + C contents at nonsynonymous sites (Table 1) is consistent with the notion that nucleotide bias (for example, caused by directional mutation pressure; Jermiin et al. 1996) determines the amino acid bias, and not with the reverse.
Amino Acid Composition Differences in Individual Mitochondrial Genes
From the results presented above, it appears that the overall amino acid composition of the chicken and honeybee mitochondrial genomes is related to the nucleotide composition. We wished to determine whether this was also the case in individual genes, or whether the overall differences that we saw were due to a subset of the mitochondrial genome. To examine this question, we compared each of the 13 protein-coding genes between honeybee and chicken mitochondria. G + C content in the genes was similar to that shown in Table 1 ; specifically (means and standard errors of the mean are given):
(1) The G + C content of the genes individually was similar to the content of the genomes from which they came (chicken 0.470 ± 0.006, honeybee 0.159 ± 0.010); a The number of codons in the indicated square plot quadrant is shown. Stop, start, and leucine codons are excluded b The quadrants are indicated by AT or GC content at the first and second codon position-thus AT-GC represents the quadrant with A or T at the first position and G or C at the second position, corresponding to the upper right square plot quadrant. Statistical analysis. A 2 × 2 contingency table of the A + T-and G + C-rich quadrants gives 2 ‫ס‬ 413.5, for which P is essentially zero. The difference of proportions test of the A + T-and G + C-rich quadrants assuming the binomial distribution gives z ‫ס‬ 21.3 and 15.5, for both of which P is again essentially zero. The difference of proportions test using the bootstrap gives I 0 / bootstraps < 0.0001 in both cases. (I 0 is the index, or position, of zero in the distribution of bootstrap differences. Sequences were bootstrapped 10,000 times. If zero is not within the distribution of differences, then I 0 /bootstraps < 0.0001) (2) the A + T bias of the honeybee genes manifests in an extreme A + T bias at synonymous sites, while the relatively unbiased chicken does not show this extreme effect (chicken 0.504 ± 0.123, honeybee 0.052 ± 0.006); and (3) the A + T bias of the honeybee genes results in a smaller A + T bias at nonsynonymous sites, while the relatively unbiased chicken again does not appear to show this effect (chicken 0.450 ± 0.008, honeybee 0.225 ± 0.016).
These 13 genes were also compared using square plots. The differences between the square plots from the two species were similar to that found when comparing the entire genomes (Fig. 2) . The A+T-and G+C-rich quadrants in square plots from each gene were shown to be significantly different between the two species based on the 2 test (P < 0.002), and the difference of proportions test (P < 0.02).
Square plots of three of these pairs, those of cox I, cox II, and cyt b genes, are shown in Fig. 3 . We chose to focus on these genes because they are commonly used in phylogenetic studies. We can examine differences found in the upper left quadrants, which show codons with A or T in both the first and second codon positions (Table 3) . Each gene shows a large, and highly significant, difference in proportion of these codons, and therefore of the amino acids for which they code, between the two species.
The Frequency of Many Amino Acids Is Affected by Nucleotide Content Bias
Having shown a relationship between nucleotide and amino acid composition, we wished to determine which amino acids are affected. In order to show which particular amino acids in the square plot groups are affected, we plotted a breakdown of the individual amino acids in bar-chart form (Fig. 4) . This allows us to compare the contents of individual amino acids of the mitochondrial genes from the two species. This figure shows that the content of all the amino acids in the upper left and lower right quadrants (A+T-rich and G+C-rich codons, respectively) are strikingly different between the two species. In particular, the A+T-rich honeybee genome codes for more of each A+T-rich codon family and less of each G+C-rich codon family compared to the relatively unbiased chicken mitochondrial genome. The differences are all highly significant, as shown in Table 4 .
These results are more striking than those that were obtained by comparing the total mitochondrial codons from (A+T-rich) Drosophila yakuba and sequence pooled from several (A+T-neutral) vertebrate species (Jukes and Bhushan 1986) . That study found that in Drosophila there was an increase in phenylalanine, asparagine, and tyrosine but not isoleucine, lysine, or methionine, and less of alanine and proline but not of glycine or arginine. We have repeated that analysis, and shown in addition that the differences in the amino acid groups coded for by A+T-and G+C-rich codons are highly significant ( 2 of the A+T-and G+C-rich quadrants is 47.4, P < 0.00000000001; the difference of proportions test of the KMNIYF and GARP quadrants assuming the binomial distribution gives z ‫ס‬ 6.9 and 5.3, respectively, for which P < 0.00000000001 and P < 0.0000001, respectively; the difference of proportions test of the KMNIYF and GARP quadrants using the bootstrap gives I o / bootstraps < 0.0001 in both cases, using 10,000 bootstraps). Those results are consistent with, but less dramatic than, the results obtained in the present study. For a third data set we repeated the analysis using the A+T-rich mitochondrial genome of Caenorhabditis elegans compared to the relatively A+T-neutral carp mitochondrial genome, with similar results. Recently a similar analysis comparing amino acid compositions between several homologous proteins of Escherichia coli and the A+T-rich Rickettsia prowazekii obtained similar results, showing that this effect exists in bacteria as well as in animal mitochondria (Andersson and Sharp 1996) .
While we are examining individual amino acids of the square plots, it would be appropriate to look at the way that leucine codon family usage changes with A+T pres- sure (Sueoka 1962) . In animal mitochondria, leucine is coded for by TTR, found in the upper left square plot quadrant, and by CTN, found in the lower left quadrant. Codon family usage of leucine in pooled mitochondrial genes from the honeybee and the chicken is tabulated in Table 5 . This table allows us to see the reciprocal way that the two codon families are used in the two species. In the A+T-rich honeybee genome, most of the leucine codons are (T-rich) TTR codons. In the relatively unbiased chicken genome, most of the leucine codons are CTN ( 2 ‫ס‬ 703, P ≈ 0). In summary, we have compared the coding sequences of entire mitochondrial genomes to show that nucleotide bias is a significant driving force in amino acid composition of the encoded proteins. We chose the genomes of the chicken and the honeybee because of their large difference in G+C content (Table 1) . We have shown that the amino acid profile differs between the two sequences in a manner which relates to the nucleotide content of their codons, and we have shown that this difference is statistically significant. The A+T-rich genome of the honeybee mitochondrion has significantly more of the amino acids F, Y, M, I, N, and K, as shown in the upper a Start, stop, and leucine codons are excluded. Data are shown as count/(total codons, excluding start, stop, and leucine), and percent b 2 is from a 2 × 2 contingency table for the A + T-and G + C-rich quadrants. Difference of proportions tests are given for the A + T-rich quadrant. Results for the difference of proportions test assuming the binomial distribution are given by the z statistic and its associated P value. Results for the difference of proportions test using the bootstrap are given by I 0 /bootstraps (see Table 2 for an explanation of I 0 /bootstraps) c See Fig. 3   Fig. 4 . Amino acid differences between chicken (black bars) and honeybee (gray bars) mitochondrial genomes. Amino acids are grouped as in square plots, and so this figure corresponds directly to Fig. 2. left quadrant of the square plot, while the genome of the chicken mitochondrion has significantly more of the amino acids G, A, R, and P, as shown in the lower right quadrant of the square plot (Figs. 2 and 4) .
Implications for Phylogeny Reconstruction
Phylogenetic trees of protein-coding genes may be based on either the DNA sequence or the protein sequence. One reason for using the protein sequences is that composition or codon-usage bias in DNA is a confounding factor in construction of phylogenetic trees (Loomis and Smith 1990; Hasegawa and Hashimoto 1993; Lockhart et al. 1992; He and Haymer 1995) . Another reason is that natural selection tends to lessen the effects of nucleotide bias. We assume that the force of mutational and DNA repair biases affects all nucleotide positions equally within a gene. Because of the countervailing force of natural selection, however, the effect of these biases accumulates much more rapidly at the synonymous sites. Indeed, it is often assumed that the nonsynonymous sites are totally free of any bias, an assumption which underlies our confidence in the use of amino acid sequence data as a means of constructing reliable alignments and building unbiased molecular phylogenies.
Evidence of a relationship between compositional biases at the DNA and protein levels, as has been shown in this study, implies that DNA bias can confound phylogenetic reconstruction based on protein sequences. Models of evolution used in phylogeny reconstruction algorithms, such as the Dayhoff et al. (1978) model, are limited in their ability to accommodate amino acid composition differences. We have shown in particular that the compositions of the Cox I, Cox II, and Cyt b proteins, three proteins that are commonly used in phylogenetic studies, are affected by compositional differences at the DNA level. However, at present it is not known how serious a problem, if any, this effect poses for phylogenetic reconstruction. We can speculate that amino acid bias will affect phylogenetic reconstruction using protein sequences similar to the way that nucleotide bias affects phylogenetic reconstruction using DNA sequences (Lockhart et al. 1994) . That is, phylogenetic analysis may falsely indicate homology (or lack thereof) based only on amino acid content. It is not expected that the effect of amino acid bias will be as pronounced as the effect of nucleotide bias, because much of the bias at the DNA level is manifested in synonymous codon sites (Table 1) .
Studies are underway to assess the effect of bias in nuclear genes and in highly conserved genes. Preliminary analyses suggest that indeed some nuclear genes do show the relationship described in this paper (Yoshida et al. 1977 ), but the highly conserved elongation factor 1␣ appears to be immune from this effect, in agreement with Hashimoto et al. (1994) . a Amino acids are grouped as in square plots. Amino acid counts are shown. The z statistic is calculated based on the amino acid proportions relative to the total number of codons in the genome, excluding start, stop, and leucine codons, as given in Table 2 b See the footnote to Table 2 for an explanation of I 0 /bootstraps 
